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a  b  s  t  r  a  c  t

This study  details  the  physiological  responses  of  cork  oak (Quercus  suber  L.)  to manipulated  water  inputs.
Treatments  named  as  dry,  ambient  and  wet,  which  received  80, 100  and 120%  of the  annual  precipitation,
respectively,  were  applied  to  a Mediterranean  woodland  in southern  Portugal.  Tree  ecophysiology  and
growth  were  monitored  from  2003  to 2005.

The  impacts  of the  water  manipulation  were  primarily  observed  in  tree  transpiration,  especially  dur-
ing summer  drought.  Rainfall  exclusion  reduced  the  annual  stand  canopy  transpiration  by  10%  over  the
2-year  study  period,  while  irrigation  increased  it by  11%.  The  accumulated  tree  transpiration  matched
precipitation  in  spring  2004  and  2005  at the  stand  level,  suggesting  that  cork  oak trees  rely on precip-
itation  water  sources  during  the  peak  of  the  growing  season.  However,  during  the  summer  droughts,
groundwater  was  the  main  water  source  for  trees.

Despite  the  significant  differences  in  soil water  content  and  tree  transpiration,  no  treatment  effects
could  be  detected  in  leaf  water  potential  and  leaf  gas  exchange,  except  for a single  event  after  spring  irri-
gations  in  the  very  dry year  2005.  These  irrigations  were  intentionally  delayed  to reduce  dry  spell  duration
during  the  peak  of tree  growing  season.  They  resulted  in an  acute  positive  physiological  response  of trees
from the  wet  treatment  one  week  after  the  last  irrigation  event  leading  to a 32% raise of  stem  diame-
ter  increment  the  following  months.  Our results  suggest  that in  a  semi-arid  environment  precipitation
changes  in  spring  (amount  and  timing)  have  a stronger  impact  on  cork  oak physiology  and  growth  than
an  overall  change  in  the  total  annual  precipitation.
The extreme  drought  of  2005  had  a negative  impact  on  tree  growth.  The  annual  increment  of tree

trunk  diameter  in  the  ambient  and  dry treatments  was  reduced,  while  it increased  for  trees  from  the  wet
treatment.  Water  shortage  also  significantly  reduced  leaf  area.  The  latter  dropped  by  10.4%  in response
to  the  extreme  drought  of  2005  in  trees  from  the  ambient  treatment.  The  reduction  was less  pronounced
in  trees  of the wet  treatment  (−7.6%),  and  more  pronounced  in  trees  of  the  dry treatment  (−14.7%).

Cork  oak  showed  high  resiliency  to inter-annual  precipitation  variability.  The  annual  accumulated  tree
transpiration,  the minimum  midday  leaf  water  potential  and  the absolute  amount  of groundwater  used

Abbreviations: (A), carbon assimilation; (Amax), maximum carbon assimilation; (CV), crown volume; (DBH), diameter at breast height; (DBHinc), trunk diameter increment;
E),  sap flux, tree transpiration; (E/DBH), normalized tree transpiration; (ET), potential evapotranspiration; (gs), stomatal conductance; (gsmax), maximum stomatal conduc-
ance;  (Gt), whole tree specific hydraulic conductance; (LAD), leaf area density; (LAI), leaf area index; (PAR), photosynthetically active radiation; (PCA), projected crown area;
SLA),  specific leaf area; (SWC), soil water content; (T), air temperature; (VPD), vapour pressure deficit; (� ), leaf water potential; (�md), midday leaf water potential; (� pd),
redawn leaf water potential; (�� ), sap flow driving force; (��), osmotic potential; (� p), leaf turgor; (�s), leaf solute content; (RSC), regression slope comparison; (SEM),
tandard error of the mean.
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by  trees  appeared  unaffected  by the  extreme  drought  of 2005.  Our  study  shows  that  cork  oak  rapidly  and
completely  recovered  from  the  extreme  dry  year  of 2005  or from  rainfall  exclusion.  Our  results  support
the eco-hydrological  equilibrium  theory  by  which  plant  acquire  complementary  protective  mechanisms
to buffer  the  large  variability  in water  availability  experienced  in  semi-arid  ecosystems.  In optimizing
their  structural  biomass  increase  in  response  to increasing  drought  stress,  cork  oak  trees  succeeded  in
restricting  water  losses  to  maintain  the  minimum  leaf  water  potential  above  the  critical  threshold  of
xylem embolism,  though  with  narrower  hydraulic  safety  margins  in 2005.
Our findings  highlight  cork  oak’s  sensitivity  to  the amount  and  timing  of late  spring  precipitation.  This
could be  critical  as  future  climate  scenarios  predict  a reduction  of  spring  precipitation  as  well  as  enhanced
severity  of  droughts  in the  Iberian  Peninsula  by the end  of  the 21st  century.  In inducing  water  stress  before
the onset  of summer  droughts,  the predicted  spring  precipitation  decline  could  drive  the species  closer
to the  threshold  of  catastrophic  xylem  embolism  at the  peak  of  the drought  period.
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. Introduction

Mediterranean savanna-type evergreen oak woodlands are
an-made ecosystems. They are characterized by a sparse native

ree cover, which mostly consists of Quercus species (mainly ever-
reen cork oak, Quercus suber L., and/or holm oak, Quercus ilex
sp. rotundifolia Lam.) and understory vegetation ranging from
hrub formations to grasslands. In Portugal, cork oak savanna-type
cosystems-montados-cover about 0.74 Mha  and represent 23% of
he national forested area (ICNF, 2013). The species has a signifi-
ant economic value. It provides 0.7% of the gross domestic product,
bout 15,000 jobs, and supplies 54% of the worldwide cork produc-
ion (Evangelista, 2010). Montados are also ecosystems with a high
onservation value, supporting high levels of biodiversity (Bugalho
t al., 2011), and are considered national heritage.

According to the most recent Portuguese forest inventories,
ontados show signs of an increasing vulnerability. In only 12

ears, cork oak mortality rate and fire indices rose sharply (by 450%
nd 200%, respectively) and tree density declined by 30% on average
AFN, 2001, 2010). All recent climate projections for the Mediter-
anean basin agree in forecasting future longer summer droughts,
ith more frequent extreme events, such as heat waves or severe
roughts (Barriopedro et al., 2011; Coumou and Rahmstorf, 2012;
iorgi and Lionello, 2008; IPCC, 2007; Miranda et al., 2006). Pro-

ections also predict that spring and summer precipitation will
ecrease, by a magnitude ranging from −20 to −40%, depending
n the climate change scenarios (Philandras et al., 2011; Giorgi and
ionello, 2008). Montados are mostly concentrated in the southern
egion of the country, which has scarce water resources and a long
ry summer season usually coupled with high temperatures and
igh radiation (Faria et al., 1996). Under frequently limited water
vailability, Mediterranean plants evolved physiological and mor-
hological adaptions to optimize water use (see review by Sardans
nd Peñuelas, 2013). Cork oak have acquired many features to
ope with water stress and, ultimately, avoid xylem cavitation and
mbolism (Pereira et al., 2009). At the leaf level, stomatal closure
nduced by drought stress (Grant et al., 2010; Otieno et al., 2007;
into et al., 2012; Vaz et al., 2010) restricts water loss while limiting
he rate of CO2 assimilation (Chaves, 1991; Farquhar and Sharkey,
982). Biochemical constraints in the maximum Rubisco CO2 fix-
tion capacity and the maximum rate of electron transport may
lso take place under prolonged drought conditions (Lawlor and
ornic, 2002; Lawlor and Tezara, 2009; Tezara et al., 1999) and be
ven more relevant under severe drought (Bota et al., 2004; Chaves
t al., 2003, 2009; Grassi and Magnani, 2005; Vaz et al., 2010). Leaf
smotic adjustment improves water uptake capacity (Otieno et al.,
007). At the plant level, a deep rooting system enhances water

ptake capacity via groundwater access (David et al., 2007) and
ydraulic lift (Kurz-Besson et al., 2006; Otieno et al., 2006). The
eduction of vessel diameter provides further resistance against
ylem cavitation while the decrease of leaf area surface (Aranda
© 2013 Elsevier B.V. All rights reserved.

et al., 2005; Chaves and Oliveira, 2004) avoids an excessive water
loss.

These drought avoidance adaptations confer Q. suber with a high
degree of resilience (Grant et al., 2010; Vaz et al., 2010). However, it
remains uncertain whether these adaptations will allow plant sur-
vival under more extreme conditions as forecasted for the future.
Therefore, there is a need for further rainfall manipulation stud-
ies to better predict the vulnerability of Mediterranean ecosystems
under climate change (Beier et al., 2012; Wu  et al., 2011).

Although cork oaks seem to be able to adapt to water scarcity
in semi-arid ambients, the species has never been tested under the
predicted future climatic conditions. This study aimed at evalu-
ating Q. suber’s physiological responses to rainfall manipulation
so as to assess the vulnerability of Mediterranean Savannah-like
ecosystems to future precipitation changes. Soil water availability
was experimentally manipulated in a montado area in southern
Portugal, by means of rainfall exclusion and addition. Treatments
were designed according to the predicted range of precipitation
changes in the Mediterranean basin (Giorgi and Lionello, 2008;
Miranda et al., 2006). With increasing aridity, trees were expected
to show progressively higher stomatal resistance, resulting in lower
carbon assimilation rate, especially during the drought periods.
These lower carbon assimilation rates would affect the carbon bal-
ance at the whole plant level leading to changed morphological and
growth traits. Some uncertainties still remain on how higher sto-
matal resistance under increasing water shortage would affect the
ecosystem water balance, which would experience lower transpi-
ration rates but higher groundwater discharges.

Following the evolution of tree water status, sap flux, gas
exchange, growth and morphological traits over two  years of rain-
fall manipulation, our results show that not all the expectations
were fulfilled. Finally, we  discuss the relevance of spring pre-
cipitation quantity and distribution to cork oak’s physiological
performance in a particularly dry year.

2. Material and methods

2.1. Experimental conditions

The study was conducted in Herdade da Mitra (N 38◦ 31.664′, W
8◦ 01.380′, 221 m altitude) in southern Portugal from 2003 to 2005.
The climate is Mediterranean mesothermic humid. The experimen-
tal site lies on an acid Litholic non-Humic soil derived from Gneiss
with a pH of 4–6, on a 5% slope. From the surface to 1 m depth
the soil consists of 88.9% sand, 4.9% silt, and 6.3% clay, with a low
(5%) water holding capacity. The experimental site (46 m × 60 m)
is covered with Q. suber L. trees planted in 1988, with an under-

story mainly composed of Cistus salviifolius L. and C. crispus L. and
herbaceous winter–spring C3 annual plants. Twenty-seven repre-
sentative Q. suber trees were selected for monitoring. The average
tree density on the experimental site was 1997 ± 134 trees ha−1.
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Table  1
Tree size characteristics and density at the beginning of the experiment in each treatment.

Tree Number Height (m)  DBH (cm) LAI PCA (m2) Density (tree ha−1)

Selected trees
W 9 5.08 (0.22) 10.53 (0.54) 2.32 (0.30) 4.97 (0.37) ND
A  9 5.39 (0.28) 13.15 (0.72) 2.00 (0.44) 5.51 (0.60) ND
D  9 5.19 (0.23) 13.90 (0.97) 4.14 (0.59) 4.59 (0.43) ND
Experimental area
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ree density in each treatment area was within the confidence
nterval of the mean [1570; 2424] of the entire stand. Tree den-
ity, height, and diameter at breast height (DBH) measured at the
eginning of the experiment are provided in Table 1.

From late October 2003 onwards and in accordance with predic-
ions of a 20% reduction in precipitation (Miranda et al., 2006), three
reatments (ambient, dry and wet) were applied within the site.
ainfall exclusion was achieved by placing 0.6 m wide × 20 m long
lastic drains covering 20% of the soil surface and located between
ree rows under open canopy area. The drains were installed on

 5% slope allowing water to flow naturally down to a reser-
oir that was later being used for irrigation. Considering that 24%
f the exclusion area was covered by tree canopy and that cork
ak interception was 22% of gross rainfall (David 2000), we cal-
ulated that rainfall interception slightly reduced the exclusion
fficiency from an expected 20% excluded rainfall to an effective
9%. The control ‘ambient’ treatment received natural rainfall while
he ‘wet’ treatment received extra precipitation, diverted from the
dry’ treatment. Water collected over the dry treatment plots was
edistributed from the reservoir, onto the wet treatment plots, via
rrigation pipes with drip emitters. Each treatment was replicated
ver three blocks and physiological data were recorded in three
rees per treatment per block (9 blocks). A block design was  used
o take into account potential variation due to the slope of the
xperimental site (10 m altitude difference within the site). Rainfall
xclusion and irrigation started at the end of November 2003. Due
o the severe drought during 2004/2005, the wet treatment was
upplied with additional water between July 2004 and June 2005

126% of the rainfall occurring in the ambient treatment). Fig. 1
hows the total amount of water received by each treatment in
003, 2004 and 2005 compared to the average of the 30-year period
951–1980 (INMG, 1991).

ig. 1. Annual precipitation for each treatment compared to the 30-year average
nnual precipitation (1951–1980) (horizontal line).
0.90 (0.12) 2.01 (0.17) 2001
0.84 (0.10) 1.97 (0.15) 2360
1.07 (0.14) 2.27 (0.20) 1724

2.2. Environmental monitoring

Precipitation (ARG100 rain gauge, EM Ltd., Sunderland, UK),
air humidity (Fischer 431402 sensor, K. Fischer GmbH, Drebach,
Germany), air temperature (T) at 2 m height (Thermistor M841,
Siemens, Munich, Germany) and photosynthetically active radia-
tion (PAR, LI-190 quantum sensor, Licor Inc., Lincoln, NB, USA) were
measured with a datalogger (DL2e, Delta-T Devices Ltd., Cambridge,
UK) every 5 min, recording 30-min averages based on the Coordi-
nated Universal Time/Greenwich Mean Time. Air vapour pressure
deficit (VPD) was calculated from the equation proposed by Wesely
(1989).

From December 2003 to October 2004, soil water content (SWC)
was measured by frequency domain technology using echo probes
(ECH20, Decagon, Decagon Devices Inc., Washington, USA). SWC
was continuously measured at 0.1, 0.2 and 0.3 m depth in one loca-
tion of each of the 9 plots. As the echo probes suffered from a
poor sensor contact with the soil during the drought periods, the
continuous monitoring of SWC  was replaced by weekly measure-
ments using a profile probe (PR2, Delta-T Devices Ltd., Cambridge,
UK) from January to September 2005. Profile probe SWC  measure-
ments were performed at 6 depths simultaneously (0.1, 0.2, 0.3, 0.4,
0.6, 1 m),  on 3 locations in each of the 9 plots. Gravimetric mea-
surements were performed periodically to calibrate soil moisture
sensors.

We will consider here hydrological years (between October of
the previous year and September of the current year), as it reflects
better the available water for tree functioning and growth.

2.3. Sap flow and hydraulic conductance

Tree sap flow was measured using thermal dissipation sensor
probes of 20 mm length (UP GmbH, Landshut, Germany) according
to the Granier method (David et al., 2007; Granier, 1985). One sen-
sor was radially inserted in the north-facing xylem of each tree at
breast height. Sensors were connected to a datalogger (DL2e, Delta-
T Devices Ltd., Cambridge, UK), reading temperature differences
(�T) between probes every minute and recording 30-min averages.
Sap flow was continuously measured on 25 selected trees from
June 2003 to October 2005. Data from 6 trees were discarded as
their recording had more than 65% gap due to repetitive sensor fail-
ures. Missing values in the remaining data sets, equivalent to 29% of
total recordings, were filled using linear relationships between sen-
sors showing an average determination coefficient of 0.77. The tree
transpiration (E) was  calculated by multiplying the sap flux den-
sity by the conductive sapwood area, which was  assumed to be the
20 mm-wide annulus of sapwood in contact with the sapflow sen-
sor. A detailed description of the sensors and sap flow calculation
can be found in David et al. (2004).

E expressed in L day−1 was best normalized to tree diameter at

breast height (E/DBH, expressed in L m−1 day−1). E/DBH results are
presented as 9-day running averages. Whole tree specific hydraulic
conductance (Gt) was estimated according to Darcy’s law divid-
ing the normalized daily sap flow (E/DBH) by the sap flow driving
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orce (�� ) (Bucci et al., 2005; Cochard et al., 1996). �� was calcu-
ated by substracting midday (�md) from predawn (�pd) leaf water
otential.

Tree transpiration was up-scaled to the stand level by calcu-
ating the best daily linear regression between the sap flux of the
emaining 19 monitored trees and their corresponding DBH or
eight. The daily relationships were then applied on each of the 479
rees covering the experimental area for which DBH and height had
een measured in 2003 before treatment implementation.

.4. Leaf water status and gas exchange

Daily courses of leaf water potential (� ) and gas exchange were
erformed simultaneously in clear days throughout the year, and
n a monthly basis during drought periods (see dates on Table 2).
hree mature leaves per tree were sampled for each measurement
t 0600 (only � ), 1000, 1300 and 1600 h.
� was measured with a pressure chamber (PMS Instrument

o., Corvallis, Oregon, USA). Immediately after measuring predawn
eaf water potential (�pd), discs of each leaf were taken, placed
n Eppendorfs, and plunged into liquid nitrogen until being stored
t −80 ◦C for later determination of osmotic potential (��). After
hawing the samples for 10 min  at room temperature, �� was  mea-
ured using C52 chambers (2 h for temperature and water vapour
quilibration) connected to a Wescor HR 33T dew-point microvolt-
eter (Wescor Inc., USA) operating in dewpoint mode. Standard
aCl solutions were used for each chamber calibration, generat-

ng a calibration regression used to convert the �v output to �� in
Pa. Leaf turgor (�p) was estimated as the difference between �pd

nd �� . Leaf solute content (�s) was calculated as �s = −��(V/RT)
here R is the universal gas constant, T is the leaf temperature and

 is the total volume of water in the leaf tissue. V was determined in
nother set of discs punched from the same leaves and expressed
n leaf dry mass basis.

Leaf gas exchange measurements were performed with two
ross-calibrated portable photosynthesis systems (Li-6400; Licor
nc., Lincoln, NB, USA). The diurnal changes in CO2 assimilation
A) and stomatal conductance (gs) were recorded after stabiliza-
ion. Environmental conditions (air temperature T, vapour pressure
eficit VPD and photosynthetic photon flux density PPFD) were
onitored with the LI-6400 system. Maximal rates of photosyn-

hesis (Amax) and stomatal conductance (gsmax) were determined
rom daily courses.

.5. Tree morphological traits and growth

Stem diameter was  measured at breast height (DBH) using
ree dendrometers (I-802-D1, UMS  GmbH, Munich, Germany). The
nnual DBH increment (DBHinc) was calculated as a percentage
ased on hydrological years (2004 and 2005). Tree heights were
easured with a telescopic height pole. Spherical lens photographs

HemiView System-HMV1, Delta-T Devices Ltd., Cambridge, UK)
ere also taken at dawn in September 2003, March 2004 and
ctober 2005 on the south and north sides of the 27 selected

rees. Crown base diameter (D), height and geometrical shape were
ecorded for each selected tree. These parameters were used within
he Hemiview software to determine tree leaf area index (LAI,
ne-side leaf area per projected crown area), crown volume (CV)
ccording to tree crown geometrical shape, and projected crown
rea (PCA) calculated as 1/4�D2 (Berlyn, 1962; Watson, 1947). Leaf

rea density (LAD) was determined from the ratio between LAI and
V. Specific leaf area (SLA) was calculated by dividing the leaf area
o the dry weight of 6 leaf discs (0.7 cm diameter) collected from 3
eaves sampled on each selected tree in September 2004 and 2005. Ta
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Fig. 2. Meteorological and water flux data during the experimental period (June 2003–December 2005). (A) Precipitation and irrigation, (B) daily mean temperature, (C)
vapour  pressure deficit (VPD), (D) maximum photosynthetically active radiation (PAR), (E) soil volumetric water content (SWC) at 0.3 m depth (Echo: Echo probe; Prof:
PR1  sensor; Grav: Gravimetrical measurements), and (F) smoothed (9 days running average) daily average tree transpiration for each treatment normalized by the initial
d g. The
d r drou

2

m
w
r
t
i
e
C
t
r
d
t
c

iameter at breast height (E/DBH). The vertical line indicates the treatment beginnin
ifferences between treatment means (P < 0.05). Grey background indicates summe

.6. Statistical analysis and data processing

To assess the effect of precipitation changes on the parameters
easured, a one-way mixed model analysis of variance (ANOVA)
as used, considering treatments as a fixed factor and blocks as a

andom factor. When a statistically significant effect (p < 0.05) of
he treatment was found, the post hoc Tukey HSD test was used to
dentify differences between means. Statistical analyses and lin-
ar regression fits were carried out with SAS 9.1 (SAS Institute,
ary, NC, USA). Data were transformed when necessary to meet
he assumptions of parametric analyses. Statistical comparisons of

egression slopes (RSC) followed the analysis of covariance method
escribed by Zar (1999). Time-by-time ANOVA was  performed on
he derived monitored variables (E/DBH and SWC) to reduce auto-
orrelation and emphasize treatment effect (Diggle et al., 2002). In
 dotted line indicates the impact of the last irrigation event. Stars indicate significant
ght periods.

the text and figures, mean values are presented with standard error
of the mean (SEM).

3. Results

3.1. Environmental drivers

The experiment covered three highly contrasting hydrological
years varying from typical in 2003, to moderately dry in 2004,
and severely dry in 2005 (Fig. 1). Annual rainfall amounts were
689 mm,  607 mm and 410 mm in 2003, 2004 and 2005, respectively

(Fig. 1). In 2004, rainfall events occurred mainly from October to
May  and were more frequent and intense during autumn (Fig. 2A).
2005 was  characterized by unusually low precipitations between
November and March. Spring precipitation was lower in 2004 than
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66% higher on average than the one of the ambient treatment until
September 15th (Fig. 5).

Table 3
Seasonal stand accumulated transpiration (normalized to tree density × mean DBH)
as compared to seasonal accumulated rainfall in 2004 and 2005.

Stand cumulated
transpiration (mm)

Rainfall (mm) Groundwater
contribution
(%)

W A D

2004
Fall (OND) 14 13 16 331 0
Winter (JFM) 18 16 19 198 0
Spring (AMJ) 52 53 50 51 0
Summer (JAS) 70 62 45 26 57
Total 154 142 131 607
2005
Fall (OND) 18 19 20 277 0
ig. 3. Seasonal variation of the soil volumetric water content (SWC) at six soil de
ndicate significant differences between treatment means (P < 0.05).

n 2005 (51 mm and 78 mm,  respectively), whereas summer rain-
all decreased substantially over the time (50 mm,  26 mm  and 4 mm
n 2003, 2004 and 2005, respectively). The last significant rainfall
vents of 2005 occurred on May  16th (12 mm)  and 30th (19 mm).
he last irrigation was intentionally delayed to June 22th (13 mm).
he mean daily T, VPD and daily maximum PAR followed typical
editerranean seasonal trends (Miranda et al., 2006), with high

alues during the summer (Fig. 2B, C and–D).
SWC  at 0.3 m depth (Fig. 2E), where most of the fine tree roots

re found, was close to field capacity from December to March
004, averaging 0.23 ± 0.01 m3 m−3. Compared with the ambi-
nt treatment, SWC  was higher in the wet treatment (+11%) and
lightly lower in the dry treatment (3%). During spring (April–June)
004, SWC  dropped steeply in response to the lack of rainfall. The
oil permanent wilting point was reached during summer (July,
.04 ± 0.01 m3 m−3) with no significant difference between treat-
ents, and persisted until October. Soil recovered field capacity

uring winter (December) following a rainy period. From the end
f December 2004 to the middle of February 2005, rainfall events
ere rare and weak (<2 mm)  resulting in low winter SWC  values

overall mean was 0.13 ± 0.01 m3 m−3). At the end of the sum-
er 2005, the soil moisture reached permanent wilting point again
ith SWC  averaging 0.05 ± 0.003 m3 m−3. By the end of October,

WC  was 0.11 ± 0.01 m3 m−3. Differences in SWC  at 0.3 m between
reatments were not significant. SWC  in the other soil horizons is
ummarized in Table 2 and Fig. 3. At 0.1 m depth, a consistent signif-
cant difference between the wet and dry treatments was observed

ith a higher SWC  in the wet plots, except in October 2005. At 0.2 m
epth, SWC  was significantly higher in the wet plots compared to
he dry and ambient plots from February to September 2005. At
eeper horizons (0.4 to 1 m depth), however, soil became signifi-
antly wetter in the wet treatment from late March 2005 until late
ugust 2005. The increase in SWC  observed at the onset of fall rain
vents in 2005 diminished with increasing soil depth and remained
ery small at 1 m depth.

.2. Cork oak physiological responses

.2.1. Tree transpiration and hydraulic conductance

E/DBH followed the VPD seasonal trend (Fig. 2C, F) with max-

mum values reached at the beginning of June. Maximum E/DBH
as observed in June 2004, with values ranging from 96.63 to

13.71 L m−1 day−1. In June 2005, one week after the last 13 mm
n 2005. Values are average of each treatment and the respective SEM (n = 9). Stars

irrigation pulse, E/DBH showed a 45% increase in the wet  treatment
associated to a raise of soil water content at 0.3 m depth (vertical
dashed line, Fig. 2E and F). In fall and winter 2003 and 2004 and
in early spring 2004 and 2005, there was no significant difference
in tree transpiration between the 3 treatments (Fig. 2F). However,
during the summer periods of 2004 and 2005, treatment effects
could be detected on several occasions, with significantly lower
sap flux in the dry treatment than in the two  other ones. Signif-
icant treatment effects were more frequent after the last 13 mm
irrigation with higher values in the wet  treatment compared with
the dry one (Fig. 2F).

E/DBH was 44% higher in spring 2005 than in spring 2004. It
was likely due to the higher amount of precipitation in Spring 2005
(Fig. 2F and Table 3). There was  no significant effect of the treatment
on the accumulated transpiration at the tree level (Fig. 4A). Between
May  16th and June 6th there was hardly any E/DBH difference
between trees from the different treatments. Tree transpiration
began to differ between treatments 7 days after the last heavy rain-
fall of May  30th 2005, highlighting a substantial positive effect of
the last irrigation pulse from this date onwards. The transpiration
rate increased by 42% for trees of the wet  treatment and it remained
Winter (JFM) 25 27 28 51 0
Spring (AMJ) 84 80 64 78 0
Summer (JAS) 46 28 23 4 86
Total 174 153 134 410
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ig. 4. (A) Accumulated transpiration at the tree level in response to the wet, ambi-
nt, and dry treatments compared with the (B) accumulated precipitation in 2004
thin line) and 2005 (thick line).

Up-scaled at the stand level, the canopy transpiration most suf-
ered from rainfall exclusion in the summer (27% lower in 2004,
nd 20% in 2005 than in the ambient area). On an annual basis,
ainfall exclusion reduced the stand canopy transpiration in the dry
lots by 8% in 2004, and 13% in 2005. Irrigation had a high positive

mpact in summer, increasing canopy transpiration by 14% in 2004
nd 63% in 2005. Irrigation also increased the annual stand canopy
ranspiration by 8% in 2004 and 13% in 2005. In spring the accumu-
ated stand canopy transpiration well matched the accumulated
recipitation. The total accumulated stand transpiration observed

n 2005 (134–174 mm,  Fig. 4B) was unaffected by the lower annual
recipitation (410 mm)  when compared with the total accumu-

ated transpiration (131–154 mm)  and higher annual precipitation
607 mm)  of 2004. Moreover, the absolute contribution of ground-
ater to tree transpiration over the 2004 and 2005 summer periods
as 35 mm and 24 mm,  respectively (Table 3), which overall were

ery similar values.
.2.2. Leaf water relations
Leaf water potential measurements performed during summer

003 (before the beginning of water manipulation) showed close

ig. 5. Mean daily (top) and accumulated E/DBH (bottom) for trees from the wet
W), ambient (A) and dry (D) plots in response of spring rainfalls and irrigation in
005. The vertical dashed line indicates the date at which the last irrigation began
o  have an effect on tree transpiration.

Fig. 6. Evolution of (A) leaf predawn water potential (�pd), (B) midday water poten-
tial  (�md), (C) osmotic potential (��), (D) turgor potential (�p), (E) solute content
(�s) and (F) hydraulic conductance (Gt ) of selected trees in response to the wet,
ambient and dry treatments from 2003 to 2005. Values are average of each treat-
ment with the respective SEM (n = 9). Significant differences between treatments are

indicated for *P < 0.05, **P < 0.01, ***P < 0.001. Grey background indicates summer
drought periods.

similarity between treatments. A seasonal trend of � could be dis-
tinguished over the three years, both at predawn and midday. The
trees showed a high leaf water status during the winter and spring
but were severely stressed at the end of the summer drought,
in September (Fig. 6A–B). Significant differences between treat-
ments were only observed on July 1st 2005 (�pd and �md) and on
November 24th 2005 (�pd only), where trees form the wet  treat-
ment showed a higher water status (Table 2 and Fig. 6A–B). �pd
gradually declined throughout the summer and inter-annually with
particularly low values in 2005 at the end of the drought periods.
At the end of the experiment after autumn rainfalls, a fast recovery
of the plant water status was  observed, especially in the trees of
the wet  treatment. There was a statistically significant difference
in minimum �pd between years (p < 0.001), with overall means
of −1.40 ± 0.05, −2.21 ± 0.07 and −2.88 ± 0.05 MPa  in September
2003, 2004 and 2005, respectively (Fig. 6A).

Minimum �md, (Fig. 6B) decreased significantly from 2003
(−2.62 ± 0.06 MPa) to 2004 (−3.17 ± 0.08 MPa) but did not show

a further significant decrease in 2005 (−3.28 ± 0.06 MPa).

Low �pd (−2.47 + −0.13 MPa) was  measured in February 2005
due to low temperatures (<−2 ◦C) at night. This suggested possible
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ig. 7. Evolution of (A) maximal stomatal conductance (gsmax) and (B) maximal ph
reatments from 2003 to 2005. Significant differences between treatments are indic

rozen water in leaf vessels. However, the higher �md measured
−1.50 + −0.12 MPa) a few hours after the freezing night, when day
emperature had reached 12 ◦C, indicated that leaves had quickly
ecovered from the frost and did not suffer irreversible damage.

In response to increasing drought a marked decline in �� was
bserved in 2004 and 2005 accompanied by an increase in the
mount of leaf solutes per unit dry mass indicating that a seasonal
smotic adjustment had occurred in trees under the 3 treatments
Fig. 6C and E). In 2004 �� decreased from June (mean ranging from
.07 and −1.28 MPa) to September (−2.42 to −2.51 MPa). A similar
ecrease of �� was observed in 2005 after April. Significant differ-
nces in �� among treatments were only detected in March and
une 2004 when the soil water availability was still high and favou-
ing tree water status (Table 2 and Fig. 6C). In both years leaf turgor
ecreased from July onwards due to the seasonal reduction of �pd
nmatched by a proportional decrease of �� (Fig. 6D). Whereas
p was still positive by the end of the 2004 drought period, tur-

or loss point was reached earlier in 2005, in August. Differences
n �p between treatments were observed on June 2nd 2004 when
he �p value of wet treatment trees became higher than that of the
mbient and dry treatments, due to lower �� (Table 2; Fig. 6D and
).

While in 2004 the leaf solute concentration was high through-
ut the drought period (>0.77 mosmol g−1), a decrease of �s was
bserved in the mid-summer of 2005 (<0.45 mosmol g−1) proba-
ly in response to the high intensity of water stress experienced
y the trees (Fig. 6E). Leaf solute content did not differ in the three
reatments except at the end of August 2005, when the dry treat-

ent trees presented lower �s than those observed in the other
rees (Table 2 and Fig. 6E). No consistent treatment effects could
e found on the tree sap flow driving force �� even in July 2005
Table 2). Despite no statistically significant difference, Gt showed

 trend for higher average values for the wet treatment during the
pring periods (Fig. 6F). It steeply decreased to 3-fold lower values
nder summer drying conditions, but was unaffected by treatments
r the inter-annual variation in drought intensity (Fig. 6 F).

.2.3. Leaf gas exchange
A seasonal trend could be distinguished in leaf gas exchange

ver the study period (Fig. 7A and B), comparable to the sea-

onal variation of � . Higher gsmax and Amax were observed during
he winter and early spring. At the end of the summer drought
oth parameters were strongly inhibited. Significant differences
etween treatments in gsmax and Amax were only observed on
nthetic rate (Amax) of selected tree leaves in response to the wet, ambient and dry
when *P < 0.05, **P  < 0.01. Grey background indicates summer drought periods.

July 1st 2005, with wet  treatment trees showing higher leaf gas
exchange rates (Table 2; Fig. 7A–B).

Maximal stomatal conductance steeply decreased with the
onset of drought, from June onwards, in 2003 and 2004, whereas
it was  delayed until July in 2005 in the wet treatment, due to
spring irrigation. Stomatal closure was  severe at the end of the
summer drought, particularly in 2005. The limitation of stomatal
conductance was  reversed rapidly after the first rains in fall. There
was a statistically significant difference in minimum gsmax between
years (p < 0.001), with overall means of 0.081 ± 0.009, 0.042 ± 0.003
and 0.026 ± 0.004 mol  m−2 s−1 in September 2003, 2004 and 2005,
respectively (Fig. 7A).

Stomatal closure limited carbon assimilation as Amax variation
was quite close to the variation observed in gsmax. Compared to
gsmax, Amax declined more slowly during the drought stress devel-
opment but recovered faster later on. Significant differences were
also found over the years in minimum Amax. Overall means were
6.4 ± 0.5, 3.0 ± 0.3 and 1.8 ± 0.2 �mol  m−2 s−1 in September 2003,
2004 and 2005, respectively (Fig. 7B). By the end of the study period,
gsmax and Amax values were similar or even higher than in the pre-
vious rainy seasons (Fig. 7A and B).

No consistent trend could be identified in the intrinsic water use
efficiency WUEi, (Amax/gsmax) in response to increasing drought or
treatment effect (data not shown). WUEi was  similar at the end of
summer 2003, 2004 and 2005.

3.2.4. Tree growth
Before treatments were applied, the mean DBH was

11.6 ± 0.3 cm with values ranging from 8.6 to 21.0. Tree heights
varied between 4.1 m and 7.2 m with an average of 5.3 ± 0.2 m.
Inter-annual trends of tree size and morphological characteristics
are presented in Fig. 8. There was no major difference between
treatment means but the tree height increase was  higher for the
wet treatment trees, especially in 2005 (Fig. 8A). An increase in
DBH was observed over the whole study period (Fig. 8B). However,
the growth rate changed over the years. From 2004 to 2005,
a decline in DBHinc was  observed in the ambient treatment. It
was significantly more pronounced in the dry treatments (RSC,
p < 0.05). Inversely, an increase of DBHinc occurred in the wet
treatment (RSC, p < 0.001). There was  also a highly significant
positive impact of irrigation on tree DBHinc in 2005. Trees from the

wet treatment showed a 55% and 60% higher DBHinc than trees
from the ambient and dry treatments, respectively (Table 2). Those
significant differences in DBHinc became mostly evident after the
last irrigation event in 2005 (data not shown).
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Fig. 8. (A) Tree height, (B) increment of diameter at breast height (DBHinc) expressed
as percentage of the total diameter, (C) crown volume (CV), (D) tree projected crown
area  (PCA), (E) leaf area index (LAI) expressed as leaf m2 per ground m2, (F) leaf
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rea density (LAD) expressed as leaf m2 per crown volume m3, (G) specific leaf area
SLA).  Values are average of each treatment and the respective SEM (n = 9). Significant
ifferences between treatments are indicated when **P < 0.01, ***P < 0.001.

Regressions of CV and PCA against time show significantly higher
lopes for trees from the dry treatment compared with those for the
et and ambient treatments (RSC, p < 0.01) between 2003 and 2005

Fig. 8C and D). Inversely, significantly lower slopes were found for
he dry treatment in LAI from 2003 to 2005 (Fig. 8E, RSC, p < 0.001)
nd LAD from 2004 to 2005 (Fig. 8F, RSC, p < 0.001). The SLA (Fig. 8G)
lso significantly decreased from 2004 to 2005 for all treatments
Paired t-test, p < 0.03). The regression slope was steeper for trees
rom the dry treatment, and smoother for trees of the wet  treat-

ent. SLA regression slopes for trees of the wet and dry treatments
ere highly significantly different (RSC, p < 0.01). At the end of the

xperiment, SLA also showed significant differences between treat-
ents (p < 0.01), with significantly higher values obtained for trees

f the wet treatment.

. Discussion

.1. Effect of the inter-annual variability in precipitation
The experiment covered three highly contrasting hydrological
ears ranging from typical in 2003, to moderately dry in 2004, and
everely dry in 2005. This last hydrological year was  the driest in the
 Meteorology 184 (2014) 230– 242

Iberian Peninsula over the last 140 years and had major economic
repercussions for Portugal and Spain (García-Herrera et al., 2007).
There were no major rainfall events between December 2004 and
February 2005, and precipitation only reached 8% of the long-term
average (García-Herrera et al., 2007). It also followed a moder-
ately dry year (2004), which emphasized the subsequent negative
impacts on water resources and vegetation growth.

The extreme drought of 2005 led to a decrease in the DBHinc
(−24% in the ambient plot from 2004 to 2005, Fig. 8B) and
in the SLA (−17%, Fig. 8G). Similar impacts were observed at
the ecosystem scale from satellite observations. These observa-
tions showed a negative anomaly of the Normalized Difference
Vegetation Index (NDVI) in the montado area surrounding our
experimental area from March to June 2005 (−13% of the median
average of 1999–2009, data not shown). A comparable drop of the
NDVI was also observed at the regional scale (Gouveia et al., 2009).
Besides, at the stand scale Boelman et al. (2003) showed that the
increase in NDVI was strongly correlated with the increase in the
aboveground vegetation biomass and leaf area. Our results con-
firm those findings for any trends. This suggests that the regional
decrease in NDVI observed by satellite by Gouveia et al. (2009)
simply results from the decrease of the vegetation LAI at the local
scale.

There was  a noticeable stomatal regulation response to sum-
mer  drought intensity (Fig. 7A) and a 66% reduction of the tree sap
flow in the ambient plot (Fig. 2F) at the end of summer 2005 com-
pared with the end of summer 2004 (15/08–15/09). Nonetheless,
the accumulated annual tree transpiration did not vary according to
the inter-annual variations in precipitation between 2004 and 2005
(Fig. 4A–C). Pereira et al. (2007) had shown similar results in mea-
suring canopy transpiration through eddy covariance in a nearby
montado. Limousin et al. (2010) suggested that tree transpiration
was regulated by mechanisms adjusting to the eco-hydrological
equilibrium and mitigating ecosystem changes in water availabil-
ity. The authors proposed that leaf area adjustment was one of the
mechanisms involved in optimizing the balance between biomass
increase and water loss, as previously reported by Eagleson (1982)
and Rambal (1992). In our study, inter-annual trends in the LAI,  LAD,
SLA, DBH, CV and PCA (Fig. 8) indicate a slowdown in the leaf biomass
production in response to precipitation reduction that is opposite
to the canopy size evolution. This conclusion is supported by a sta-
ble leaf litterfall amount and an increased branch litterfall amount
from 2004 to 2005 (results not shown). These morphological trends
show that trees adjusted towards a steady annual accumulated
transpiration supporting the hydro-ecological equilibrium theory.

The constant accumulated annual canopy transpiration
observed after two  contrasting precipitation years (Table 3)
strongly suggests the use of groundwater by cork oak. Estimates of
the contribution of groundwater to the stand canopy transpiration
during the summer (Table 3) support this interpretation. They
are in agreement with former estimations obtained from stable
isotope analyses at the tree level (David et al., 2007; Kurz-Besson
et al., 2006; Otieno et al., 2007). Deep rooting and groundwater
taping provide cork oak a drought avoidance strategy confer-
ring trees a high adaptability under scarce and variable water
resources. Our results show that groundwater used through
deep rooting is to be considered as a contributing mechanism
towards the eco-hydrological equilibrium in savannah-like oak
woodland Mediterranean ecosystems, buffering changes in the
ecosystem transpiration regardless of large inter-annual variations
in precipitation.

There was a larger relative contribution of groundwater to

the stand canopy transpiration in summer 2005 (86%) compared
with summer 2004 (57%) (Table 3). However, the amount of
groundwater used by trees was  similar in 2004 and 2005. This sug-
gests that the groundwater discharge by deep rooting taping was
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ittle affected by the extreme dry year of 2004–2005. All these
esults raise further questions about the mechanisms regulating
he amount of groundwater extracted by Cork oak’s roots and the
ong-term effects of increasing droughts on the level of superficial
roundwater.

.2. Effects of rainfall manipulation on physiological responses
nd growth of cork oak

As illustrated by Table 2, there was hardly any significant treat-
ent effect on instantaneous measurements of � , A or gs, (except

ne week after the isolated late spring irrigation pulse). Our results
ontrast with the significant effects reported in rainfall exclusion
xperiments in Mediterranean woodlands. Alberti et al. (2007)
pplied the same dry and wet treatments as we  did in an Arbu-
us unedo woodland in Italy, and reported a 20% reduction of the
cosystem gross primary productivity in 2005 and 35% reduction
n ecosystem evapotranspiration between the wet  and dry treat-

ents. Under a precipitation input reduction of 29%, Limousin
t al. (2009) reported a continuous reduction of tree transpiration,
esulting in a 23% reduction in annual transpiration.

In our experiment, the wet, ambient and dry treatments
eceived 77%, 61% and 50% of the long-term average precipitation in
005, respectively. Thus the entire experimental plot experienced
evere water stress regardless of the imposed treatment. This might
artly explain the weak and irregular impact of the treatments on
ork oak’s water status and gas exchange in 2005. Nonetheless, tree
ranspiration differed significantly between trees from the three
reatments during summer droughts (Fig. 2F). Rainfall exclusion
ad an effect on canopy transpiration at the stand level, as we mea-
ured a 20–27% reduction of transpiration during summer in the dry
lots, compared to the ambient ones. In comparison, the annual
ranspiration only decreased of 8 to 13% (Table 3). By contrast, the
rrigation increased the canopy transpiration by 14% and 63% dur-
ng the 2004 and 2005 summers, respectively, and by only 8–13%
n an annual basis.

Cork oak SLA reduction from 2004 to 2005 was  10.4% (ambient
reatment). It was less pronounced in the wet treatment (−7.6%)
nd more pronounced in the dry treatment (−14.7%). Compared
ith the other plots, LAI and LAD from the dry plots showed signif-

cant opposite trends (RSC, p < 0.001), which confirms the tendency
or leaf area reduction under water shortage. Our results are in
greement with the LAI reduction previously observed by Limousin
t al. (2010).

No significant treatment effect was found in CV and PCA. This
ight be explained by the non-limiting soil moisture during the

 months preceding leaf unfolding in 2005 (Fig. 2E and 3), as pre-
iously suggested by Pinto et al. (2012). The last isolated spring
rrigation, which occurred after full shoot elongation may  also
xplain the absence of treatment effect on PCA and CV.  This agrees
ith the absence of significant treatment effect on leaf stomatal

onductance and carbon assimilation during the shoot elongation
eriod. The conclusion is also consistent with the results of Fotelli
t al. (2000), who did not find any effect of water deficits on seedling
eight increment while studying the physiological response of 4
ak species to water shortage.

Precipitation interception by tree crowns did not reduce the
xclusion efficiency enough to explain the weakness or discontinu-
ty of the treatment effect observed in trees from the dry treatment.
n our experiment, the tree density was lower and the applied

ater regimes had a lower contrast than most of the other experi-
ents performed in Mediterranean woodlands (Alberti et al., 2007;
imousin et al., 2009, 2010; Misson et al., 2010; Cotrufo et al., 2011).
hese characteristics associated with the use of groundwater by
rees might explain the weak impact of rainfall exclusion in our
tudy.
Meteorology 184 (2014) 230– 242 239

In our experimental plot, the low soil water holding capacity (5%,
50 mm  water reservoir between the surface and 1 m depth) lowered
the ability of the ecosystem to buffer water fluctuations, an effect
previously proposed by Beier et al. (2012). This soil characteristic
is likely to result in a reduced irrigation efficiency, especially when
irrigation was applied immediately after rain events.

4.3. The relevance of precipitation and irrigation during spring

The accumulated tree transpiration matched the precipitation
amount at the stand level in spring 2004 and 2005 (Table 3).
This suggests that stand canopy transpiration and gas exchange
in spring are mostly limited by the shallow soil water availability
at the peak of the growing season. A previous study conducted in
the same experimental plot showed that trees were relying on pre-
cipitation and shallow soil water from fall to spring (Kurz-Besson
et al., 2006). After late June, the soil water potential ( s) in the
main rhizosphere horizon (∼−0.3 m depth) rapidly decreased until
−1.5 MPa. Then  s started to decrease and fluctuate in the deeper
horizon, suggesting new root growth. As summer drought pro-
gressed, trees relied more on groundwater and redistributed water
from hydraulic lift (David et al., 2007; Otieno et al., 2006; Kurz-
Besson et al., 2006).

Irrigation events were intentionally delayed during spring 2005
to reduce dry spell duration in the wet treatment at a critical time
for the ecosystem water availability. At this time of the year, the
high solar radiation coupled with increasing temperatures and
usually not yet limited water availability provide trees the best
meteorological conditions for maximum stomatal aperture, car-
bon assimilation and transpiration. Thus a larger impact of water
manipulation is expected during this period.

Late spring irrigation pulses in 2005 led to a transitory but
significantly better physiological performance of trees from the
wet treatment. A significant positive impact was  found on most
of the physiological parameters measured on July 1st. This posi-
tive effect could not be detected in the measurements performed
the following weeks, despite the significant treatment differences
found in soil water content (Table 2). Tree transpiration response
to the last irrigation of June 2005 coincided with the higher soil
moisture observed at 0.3 m depth (Fig. 2E and F, dashed line). On
July 1st, midday leaf water potential in trees was already reaching
−2 MPa, indicating that fine roots in the main soil rhizosphere layer
(∼0.3–0.4 m) were severely stressed and probably dying. The delay
of a few days in using irrigated water from the top-soil horizons
might be due to the necessity for trees to grow new fine roots (or
repair damaged fine roots) to be able to extract water from the soil.

The transient physiological response of wet treatment trees to
spring irrigation had a relevant impact on stem diameter growth
resulting in a 32% increase between June and November 2005, while
it only reached 17% in the ambient and dry treatments. In 2004
DBHinc reached 30% in each treatment over the same period. This
suggests that the spring irrigation in 2005 compensated the neg-
ative impact of the extreme dry year 2005 observed for DBHinc on
trees from the dry and ambient plots. Furthermore the differences
in DBHinc between trees from the wet  and the other treatments
became significant from the end of spring until the end of fall 2005
(data not shown). This reveals a high-impact benefit of spring water
supplement on tree stem growth and a fast integration of carbon
assimilated by leaves to stem biomass after July 1st 2005 (Table 2
and Figs. 2, 5, 6 and 8). A substantial increase of stem biomass
in response to irrigation in a Mediterranean forest dominated by
Arbutus unedo was  also reported by Cotrufo et al. (2011).
The constant exclusion of water in the dry treatment-reducing
the precipitation quantity without changing rainfall distribution-
had a low impact on stem growth (Table 2). Although the study
of the effect of precipitation distribution was  not in the scope of
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his work, our findings not only highlight the importance of pre-
ipitation quantity on plant physiology, but also its timing. Our
esults indicate that changes in spring precipitation may  have a
tronger impact on cork oak physiology and growth than the over-
ll change in the annual precipitation in a semi-arid environment.
imilar conclusions were proposed by Beier et al. (2012). Further
xperiments should be performed to figure out whether spring pre-
ipitation quantity, frequency (dry spell duration and/or number of
ainy days), or timing has the main influence on cork oak physiolog-
cal responses. This is of a crucial importance to better predict cork
ak vulnerability under climate change, given that both precipi-
ation quantity and the number of rainy days in spring decreased
ver the last 50 years (Gallego et al., 2011; Miranda et al., 2006;
aredes et al., 2006), with potential consequences for river flow
nd subsurface water sources (Paredes et al., 2006).

.4. Cork oak drought avoidance strategies and resilience

Independently of the severity of droughts, a full recovery of pho-
osynthetic capacity was observed after fall precipitation (Fig. 7).
tomatal closure accompanied by a decrease in leaf water poten-
ial is a characteristic response of Mediterranean species to seasonal
ater deficit, which confers xeric plants with a conservative water
se (Acherar and Rambal, 1992; Tenhunen et al., 1981). As drought
ersists, the resulting water deficits may  cause cavitation in xylem
essels along the root to leaf pathway, and thus compromise xylem
ransport (Cochard et al., 1996). Cavitation may  sequentially lead
o the occurrence of embolism, impairing water delivery to living
issues, which might kill the tree (Pereira et al., 2009). Xylem vul-
erability to embolism is thus closely linked to the minimum �md
t which xylem dysfunctions occur. To avoid catastrophic damage
n the root-leaf hydraulic pathway, leaf stomata evolved to control
nd restrain water losses so that plant water status is maintained
bove the minimum �md threshold of xylem runaway embolism,
hus preventing the plant from losing its water transport capability
Jones and Sutherland, 1991; Tyree and Sperry, 1988). The lowest

ean value of �md measured in our study at the end of the summer
004 and 2005 (−3.28 ± 0.06 MPa) is close to the water potential
ausing 50% loss in hydraulic conductivity, which is a proxy of the
pecies hydraulic safety margin before xylem dysfunction (Pinto
t al., 2012).

With persistent drought, Q. suber showed a marked decrease of
eaf osmotic potential associated to the raise of leaf solute content,

hich suggests the occurrence of osmotic adjustment at the leaf
evel. However, while leaf solute content was kept high through-
ut the drought period in 2004, a decrease of �s was observed in
he mid-summer of 2005. Such a decrease has also been reported by
brams (1990) and Kwon and Pallardy (1989). It was  likely due to
etabolic impairment associated with the prolonged water stress

xperienced by the trees (Chaves et al., 2002; Liu et al., 2011).
evertheless, the accumulation of solutes in cells promoting water
bsorption enabled a positive leaf turgor up to values of �pd around
2.0 MPa  (Fig. 5). Our results agree with previous studies show-

ng that several Mediterranean evergreen oak species including Q.
uber possess the capacity to osmotically adjust (Aranda et al., 2005;
orcuera et al., 2002; Parker and Pallardy, 1988) and reduce leaf cell
all elasticity in response to drought (Nardini et al., 1999; Otieno

t al., 2006; Pardos et al., 2005). These mechanisms acting together
nhance tree potential to extract water from the drying soils by
ncreasing the soil-plant water potential gradient, thus avoiding an
xcessive dehydration of the cells.

Leaf surface reduction is a further protective mechanism of

ehydration avoidance restraining water loss while maximizing
arbon gain, and keeping minimum �md above the threshold of
ylem embolism under increasing drought intensity. Lower SLA
as long been shown to be an adaptive response to drought
 Meteorology 184 (2014) 230– 242

(Abrams, 1994; Cunningham et al., 1999; Grünzweig et al., 2008)
or an indicator of resource conditions (Cornelissen et al., 2003).
Ramírez-Valiente et al. (2011) found that cork oak’s SLA was  neg-
atively correlated with annual shoot growth and positively related
to annual growth. This is in good agreement with the opposite
trends we  observed between SLA, CV and PCA (Fig. 8). With increas-
ing drought severity, leaf area reduction is often related to an
increase in the root:shoot biomass indicating allocation adjust-
ments favouring the root system (Fernández and Reynolds, 2000).
The growth of new roots in deeper soil layers in response to increas-
ing drought stress has also been shown both for cork oak trees
in the same experimental plot by Otieno et al. (2006) and for
desert plants species (Fernandez and Caldwell, 1975; Peek et al.,
2006).

5. Concluding remarks

Our study shows that inter-annual differences in precipitation
affects cork oak annual trunk growth, leaf area and summer tran-
spiration rate. In particular cork oak physiology and growth are
critically sensitive to spring precipitations. This was evidenced by
the remarkable cork oak physiological performances following late
spring irrigation in 2005, which compensated the negative impacts
of the extreme drought of the hydrological year 2004/2005.

Several studies (Knapp et al., 2008; Misson et al., 2010)
suggested that rainfall distribution pattern could have larger phys-
iological impacts on oaks than a reduction in precipitation, but
our study shows the dominant impact of precipitation in late
spring. This might weaken cork oak endurance to drought, espe-
cially when the Iberian Peninsula has shown a significant 50%
(∼40 mm)  decrease of precipitation in March over the last four
decades (Gaetani et al., 2011; Paredes et al., 2006), and when
drought events are predicted to occur more frequently in April and
May  in the future in Portugal (Miranda et al., 2002). Studying cli-
mate change trends over the last 50 years, Gallego et al. (2011)
also showed that the Mediterranean region suffered a reduction of
the number of rainy days in spring. It is, therefore, not surprising
that the southern Iberian Peninsula is expected to be the Mediter-
ranean area most affected by lower groundwater recharges in the
future (Hiscock et al., 2011) and most threatened by desertification
(Acácio et al., 2009).

Such changes in the amount and distribution of spring rainfall,
and in groundwater recharge are likely to severely affect Q. suber in
the Iberian Peninsula. By inducing water stress before the onset of
summer droughts, spring precipitation changes will probably drive
the species closer to the threshold of catastrophic xylem embolism
by imposing narrower hydraulic safety margins at the peak of the
drought period (Franks et al., 2007; McDowell et al., 2008). This is
already suggested by the evident signs of decline of the species over
the last decade in Portugal (AFN, 2001, 2010).

On the other hand, our study shows that cork oak rapidly and
completely recovered from the extreme dry year of 2005 or rain-
fall exclusion. Trees did not exhibit significant signs of increased
vulnerability to the reduction of precipitation amount. This reflects
how well the species has adapted to the high variability of precip-
itation in the Mediterranean climate.

The 20% rainfall exclusion applied during two consecutive years
had little significant impact on cork oak physiology. The study
of Martin-StPaul et al. (2013) suggested that Quercus ilex growth
(height and DBH) presents a delayed response to changes in water
availability. Also, longer rainfall exclusion experiments have shown

that deleterious cumulative effects sometimes only appear after 3
or more years of treatment application, or under more drastic treat-
ments (Brando et al., 2010; da Costa et al., 2010; Limousin et al.,
2010). Therefore, additional longer exclusion experiments should
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e promoted to test for long-term cumulative effects of precipita-
ion changes on cork oak species and montado ecosystems.

The cork oak savannah-type ecosystem showed a high degree
f resilience in response to inter-annual precipitation variability or
mposed water shortage. Our results showed that this resilience
artly relies on deep rooting and the use of groundwater as a
rought avoidance strategy. Our results raise nonetheless the ques-
ion of the evolution of the ecosystem sustainability under climate
hanges if those provoke a decrease of river flow or an increase of
nthropogenic pressure on water resources leading to a recurrent
ecline of groundwater table level as suggested by recent investi-
ations (Estrela et al., 1996; Nohara et al., 2006; Paç o et al., 2009;
aredes et al., 2006).
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